Wing rock is one of the well known instabilities that occurs in aircraft dynamics at moderate to high angles of attack. Therefore it serves as a classical benchmark example for demonstration of various control methodologies. In this paper, we present application of a novel L1 adaptive control architecture to wing rock that ensures smooth transient behavior for system's both signals, control and output simultaneously, in addition to the asymptotic tracking.
I. Introduction
Control of wing rock has been an active topic of research over the past three decades (see for example Ref.
1 and references therein). The main challenge is the limit cycle behavior, which can be caused by flow asymmetries as a result of nonlinear aerodynamic roll damping. Singh et. al. explored classical model reference adaptive control (MRAC) and radial basis function (RBF) neural network based frameworks to control this phenomenon. 2 It was shown by the authors that RBF NN was able to stabilize the system, albeit with poor transient performance. Adaptation was slow, and the response was highly oscillatory. In Ref., 1 the result of Ref. 2 is repeated, and a comparison study of conventional and various Neural Network architectures is presented for stabilization from various initial conditions. Based on a number of simulation studies, an improvement upon Ref.
2 has been argued in Ref. 1 with the use of multilayer neural networks. Recently, a novel L 1 adaptive controller is developed in Refs., 3, 4 which has guaranteed transient performance for system's both signals input and output simultaneously. This architecture basically enables fast adaptation and proves that the transient tracking can be improved by increasing the adaptation rate without generating high-frequencies in the control signal. Moreover, the L 1 adaptive control architecture has also guaranteed stability margins. In this paper, we explore the application of L 1 adaptive controller to wing rock. We test its performance under various situations, including unexpected changes in the value of the unknown parameters. We verify also robustness of this new architecture to time-delay.
The paper is organized as follows. In section II, we introduce the problem formulation. The L 1 adaptive controller for control of wingrock is presented in Section IV. Its transient performance characteristics are stated in Section V. The simulation results for various scenarios are presented in Section VI. Section VII concludes the paper.
II. Problem Formulation
The model of wing rock is given by:
where ρ, U ∞ , S,b, I xx are known coefficients, φ(t) is the roll angle, d 0 is the known control effectiveness, and the angular acceleration u(t) ∈ IR is the control signal. Both, the roll angle φ(t) and its derivativeφ(t) are assumed to be measurable. The unknown rolling moment coefficient C l in Ref.
1 is given by
in which α s is the steady state angle of attack, C l0 , C l β , C lp0 , C l pβ , and C lpp are in general unknown coefficients. Letting
the system in (1) can be presented in state-space form as:
where x 0 is the initial condition, while
and f (x) is the system uncertainty, modelled as:
We notice that the system dynamics can be linearly parameterized in unknown parameters, and hence presents a right framework for application of adaptive controllers. We will address a tracking control objective, namely to design u(t) which guarantees that y(t) tracks a bounded continuous reference input r(t) with desired transient specifications.
III. Model Reference Adaptive Controller
Implementation of MRAC proceeds by defining:
where
ζ > 0, ω n > 0 are the desired damping and natural frequency, and
ensures asymptotic tracking for constant reference inputs.
2. Adaptive Law:
whereθ(t) ∈ IR 6 are adaptive estimates, Proj(·, ·) denotes the projection operator, 5 e(t) = x(t) − x m (t) is the tracking error, Γ ∈ IR n×n is a positive definite matrix of adaptation gains, and P = P ⊤ > 0 be the solution of the algebraic equation
where k = [ω 2 n 2ζω n ] ⊤ . Standard Lyapunov arguments along with Barbalat's lemma ensure that lim t→∞ e(t) = 0 .
IV.
The design of L 1 adaptive controller proceeds as follows:
1. Control Structure: The controller is chosen as
which leads to the following form of dynamics in (2):
whereθ(t) ∈ IR 6 are the adaptive parameters.
where e(t) =x(t) − x(t) is the tracking error between the system in (16) and the companion model in (17).
Filtered Adaptive Controller:
The controller u 2 (t) is chosen to have the following representation upon its Laplace transformation:
where k g is the same as in (10), C(s) is a strictly proper low-pass system with C(0) = 1, andr(s) is the Laplace transformation ofr(t) θ⊤ (t)h(x(t)). The complete L 1 adaptive controller consists of (14), (15), (17), (18) and (19). Let H(s) = (sI − A m ) −1 b. We further assume that f (x) : IR 2 → IR is a Lipschitz continuous map over a given compact set of possible initial conditions, i.e. there exists L such that
We notice that Lipschitz continuity is expressed using the ∞ norm without any loss of generality. We now give the L 1 performance requirement that ensures stability of the entire system and desired transient performance, as proved in:
where L is defined in (20) and G(s) L1 indicates the L 1 gain of system G(s).
V. Guaranteed Transient Performance
In (t) ). The control law in (22) leads to the following closed-loop dynamics:
We note that the control law in (22) is defined to cancel the system uncertainty f (x), provided that the bandwidth of C(s) is larger than that of the reference input r(t). Hence, the control law in (22) cancels the system uncertainty f (x) and leads to satisfactory system response. Detailed design guidelines for selection of the low-pass filter C(s) are discussed in.
3, 4, 6
The theory developed in Refs, 3, 4, 6 when applied to this problem, leads to the following result:
Theorem 1 Given the system in (2) and the L 1 adaptive controller defined via (14), (17), (18) and (19) subject to (21), we have:
lim
We notice here that increasing the adaptive gain leads to desired transient performance for both control signal and system output. In Refs., 7 we have proved that the L 1 control architecture also has guaranteed stability margins. Recall that only asymptotic performance can be ensured in (13) for MRAC.
VI. Simulations
We consider a simulation scenario with faults, when the unknown parameters in system dynamics change in unexpected way. Thus, we let the time-varying unknown parameter be: For a fair comparison, we will seek optimal adaptive gain for two different reference inputs:
With adaptive gain Γ = 20, we note that MRAC gives good transient response for r s (t), Figs.1(a)-1(b) . However, for the reference input r l (t) it leads to high-frequency oscillations, Figs.2(a)-2(b) . To reduce these high-frequency oscillations, one needs to reduce the adaptive gain. Figs.3(a)-3(b) demonstrate the tracking performance with Γ = 1 for r l (t). While oscillations are reduced, this leads to slow convergence. We notice that the transient performance of MRAC depends on the reference input, the unknown parameters and the adaptive gain. Since this relationship is highly nonlinear, it is hard to tune, and often there is no universal adaptive gain, which would ensure satisfactory transient performance for different reference inputs. Now let's try the L 1 adaptive controller. Let C(s) = 25 s + 25 .
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American Institute of Aeronautics and Astronautics Figs. 5(a)-6(a) demonstrate the tracking performance for both r s (t) and r l (t) without re-tuning of the controller. The control signal is smooth, and the transient performance upon the fault is uniform as compared to MRAC.
In Ref., 8 using a simple linear system, we have demonstrated that the L 1 adaptive controller adapts fast without hurting the time-delay margin of the closed-loop system. In the following simulations, we verify that result for the nonlinear architecture of wingrock. A proof for the general nonlinear theoretical result is given in Ref. Assuming x(t) in the L 1 adaptive controller is substituted by its time-delayed measurements
where τ is the time-delay, Figs. 7(a))-(8(b) demonstrate the tracking performance without any retuning of the original L 1 controller. We notice that the closed-loop system does not lose its stability in the presence of τ = 0.13sec time-delay. Simulations with less time-delay had smoother performance, without any oscillations, and are therefore not included here. 
VII. Conclusion
A novel L 1 adaptive controller for control of wing rock is proposed in this paper. It has uniform transient response in addition to asymptotic tracking. Simulation scenarios for various reference inputs and faults demonstrate the benefits of the method. 
